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I. INTRODUCTION
Measurements of ion beams from plasma focus (PF) devices have produced a wide variety of results using different units, often less correlated than expected, and not giving any discernible pattern or benchmark. In summarizing experimental results 1 in 1996, it was reported that total yields of ions reach 10 10 À10 14 sr À1 depending on energetics and experimental conditions. In a single discharge, fast ions are emitted from point-like (sub-mm) sources mostly as narrow micro-beams with duration times of 2-8 ns forming intense bunches having total powers reaching 10 11 to 10 12 W. Takao et al. 2 in 2003, in a 19.4 kJ (43 lF, 30 kV, 500 kA peak current) PF published nitrogen ion beam power brightness of 0.23 GW cm À2 sr (maximum ion energy at 0.5 MeV) using a solid anode and 1.6 GW cm À2 sr (maximum ion energy of 1 MeV) using a hollow anode. Peak ion current densities of 1100-1300 A cm À2 (50-60 ns) were recorded. Bhuyan ions/sterad with energy content of 0.74 J/sterad. In another experiment, 5 Kelly surmised a total number of 10 15 deuterons at 20-50 keV from a 10.5 lF 30 kV PF. Bhuyan 6 operating a 1.8 kJ methane PF quoted a flux of 2 Â 10 22 m À2 s À1 multiple-charged carbon ions (50-120 keV (MeV sr) À1 (at 1-9 MeV) with FWHM of 10-20 ns. Suffice it to say that the measurement and presentation of results are varied and that it is difficult to assess how these measurements correlate for the purpose of scaling ion beam production across the range of machines. Gribkov et al. 9 have taken a more integrated approach. Based on a detailed examination of plasma conditions and energetics within the PF at the time of formation of the plasma diode mechanism, 9 they estimate the following for the PF-1000 operated at 500 kJ: (a) Energy of the electron and ion beam ¼ 20 kJ or 4% of initial stored energy. They comment that these values are conservative when compared to the highest values of 10%-20% reported at Kurchatov, Limeil Laboratory, and Lebedev using different methods. (b) Based on their imaging, assuming cross-section of the ion bunch to be the cross section of the pinch (1 cm radius) and a bunch length of 15 cm giving a bunch volume $50 cm 3 , they estimate the total number of ions (average energy 100 keV) in the bunch as 6 Â 10 17 ions and the concentration of ions within the bunch volume to be 10 16 cm
À3
. Among published results, Gribkov et al. stand out in their presentation which correlates the energetics of the ion beams to the energetics of the system, thus giving a sense of proportion of how the ion beams fit into the overall scheme of things within the PF discharge. The ion beam exits the PF pinch along its axis. It is a narrow beam (having the same cross-section as the pinch) with little divergence, at least until it overtakes the postpinch axial shock wave. 9 Hence, the exit beam is best characterized by the ion number per unit cross-section which we term the fluence. We also define the flux as the fluence per unit time of the beam pulse. We compute ion beam number and energy fluence ( 10 to compute the number and energy fluence and flux and the ion current for any Mather PF. The energy of the fast post-pinch plasma stream is also estimated in the process. The numerical experiments are integrated with each real machine through the computed current trace which is fitted to the measured current trace producing a set of 4 model parameters, the mass swept-up factor f m and effective current factor f c for the axial phase and f mr and f cr for the radial phase.
B. The Lee model code
The code 10 couples the electrical circuit with PF dynamics, thermodynamics, and radiation. It is energy-, chargeand mass-consistent. It was described in 1983 (Ref. 11) and used in the design and interpretation of experiments.
12-15 An improved 5-phase code incorporating finite small disturbance speed, 16 radiation, and radiation-coupled dynamics was used, [17] [18] [19] and was web-published 20 23 It has also been used in other machines for design and interpretation including sub-kJ PF machines, 24 FNII, 25 and the UBA hard x-ray source. 26 Information computed includes axial and radial dynamics, 11, [17] [18] [19] [20] [21] [22] [23] SXR emission characteristics and yield, [17] [18] [19] 22 ,27-33 design of machines, 10, 12, 24, 26 optimization of machines, 10, 22, 24, 30 and adaptation to Filippov-type DENA. 23 Speed-enhanced PF 17 was facilitated. Recently, PF neutron yields calculations, 34 current and neutron yield limitations, 35 neutron saturation, 36, 37 radiative collapse, 38 current-stepped PF, 39 and extraction of diagnostic data, 33, [40] [41] [42] and anomalous resistance data 43, 44 from current signals have been studied using the code. 10 
C. The ion beam fluence equation
A detailed description of the model is available on the internet. 10 Neutron yield Y n using a phenomenological beam-target neutron generating mechanism 9 was incorporated. 34, 35 A beam of fast deuteron ions is produced by diode action in a thin layer close to the anode, with plasma disruptions generating the necessary high voltages. The beam interacts with the hot dense plasma of the focus pinch column to produce the fusion neutrons. The beam-target yield was deduced 34, 35 as
Here n i ¼ pinch ion density, I pinch ¼ current through the pinch; r p and z p are the final pinch radius and length ; b ¼ cathode radius; r ¼ cross-section of D-D fusion reaction, n-branch; and U is the disruption-caused diode voltage. 9 Data fitting gave U ¼ 3 V max , where V max is the maximum voltage induced by the radially collapsing current sheet; and C n ¼ 8.54 Â 10 8 (all quantities in SI units) is a constant which was calibrated 34, 35 at an experimental point of 0.5
MA from a graphical presentation of all available measured Y n data. The plasma focus Y n computed from this model is found to agree well with experiments 10, [34] [35] [36] [37] 45 over all ranges of energy. The agreement is good enough to allow experimental measurements and numerical experimental results to be combined into a global scaling law (neutrons) with a range from sub-kJ to tens of MJ. 37 With the proven success of this model which assumes a deuteron beam interacting with the pinch plasma, we extend the model to extract information about the deuteron beam.
We note that for a beam passing through a plasma target, by definition, cross-section ¼ reaction rate/(beam ion number flux x number of target particles). We re-write Eq. (1) using this definition. We obtain ). This is the ion fluence that is generated by the inductive plasma diode action. From Eqs. (1) and (2), we may write the ion fluence as
As the ion beam traverses the pinch along the axial direction, there is attenuation of the beam due to interaction with the hot dense plasma. However, the proportion of ions that undergoes interactions is small and most of the ions pass through and exit the pinch. 9 We assume that Eq. (3) calculates the number of ions m À2 exiting the pinch for each PF shot.
III. THE RESULTS AND DISCUSSIONS
A. A large machine and a small machine have the same fluence To illustrate our method, as an example, we run the code for PF1000 (one of the largest PF machines), using typical PF1000 configuration 9, 10, 34, 35, 45 
À2
. Number of ions ¼ 1.9 Â 10 15 per shot; mean energy of 76 keV.
These results indicate that the ion fluence for the 500 kJ PF1000 PF at 3.9 Â 10 20 ions m À2 is practically the same as the 3 kJ INTI small PF with 3.6 Â 10 20 ions m
. The energy fluence of the ion beam is also not correlated to the 140 times difference in E 0 ; the value for the PF1000 being not quite twice higher than for the INTI PF and only due to the higher mean energy of its beam ions.
The number of beam ions for PF1000 is 6.1 Â 10 17 ions per shot, some 320 times that of the smaller machine. The energy carried in the ion beam for PF1000 is 12 kJ (2.5% of E 0 ), whilst that for the smaller machine is 23 J (0.7% E 0 ). As will be discussed and shown in Table II , the relative inefficiency of the INTI PF is due to its high static inductance L 0 .
B. Results for a range of machines from 0.4 to 500 kJ
We carried out a series of numerical experiments on a range of machines to obtain the trends across the range of PF. Each machine has its computed current waveform fitted with a measured current waveform so that the computed dynamics and plasma pinch conditions are realistically portrayed. The results are shown in Table I .
From Table I , we note (1) the I peak and I pinch decrease as E 0 is reduced. This is generally true except for the case of Poseidon and NX2 which exhibit higher performance in I peak and I pinch due to exceptionally low inductance L 0 . On the other hand, the value of I peak and I pinch for the 3 kJ INTI PF is particularly low due to its unusually large L 0. (2) Anode radius "a" correlates 14, 28 with I peak and I pinch . The ratio I peak / a is within a small range of 160-240 kA/cm except for the Poseidon which has 486 kA/cm, being designed for unusually high speed operation. 47 Pinch length and pinch radius correlate with "a".
14,28 ( 3) The beam duration s varies with "a" from 5 to 255 ns; the ratio s/a has a range of 8-22 ns/ cm.
14,28 (4) The beam ion mean energy ranges over 54-292 keV. . (9) The number of ions in the beam increases with E 0 being 6 Â 10 14 for the 0.4 kJ PF-400 J and 1000 times that for the PF1000. (10) The energy of the beam at pinch exit varies from 0.7%to 5.4% E 0 . (11) 
IV. CONCLUSIONS-ION BEAM PROPERTIES AND SCALING
The results are summarized in Table II , which gives the range of the deuteron beam properties and the scaling suggested by an inspection of Table I . As a notable example, Table II states that the ion number fluence is 2.4-7.8 Â 10 20 ions m À2 varying by a factor 3 through the whole range of E 0 from 0.4 to 486 kJ and independent of E 0 as can be seen by studying the numbers in Table I . Table II suggests that the range of 2-8 Â 10 20 ions m À2 may be set as a benchmark for the ion beam number fluence of any Mather PF. The independence of E 0 of the ion beam fluence is likely related to the constancy of energy density (energy per unit mass) that is one of the key scaling parameters of the PF throughout its E 0 range of sub kJ to MJ. 14, 28 The number of beam ions exiting the pinch is found to range from 6 Â 10 17 ions for the 486 kJ PF1000 to 6 Â 10 14 for the 0.4 KJ PF-400 J with a strong correlation to E 0 , modified by a dependence on I peak (or L 0 ). Table II Table II ). Correspondingly the high L 0 INTI PF has significantly lower beam energy ( þ in Table II ) and beam charge ( # in Table II ). The ion current may be set as 14%-23% of I peak , taking the ion beam pulse duration to be equal to the computed pinch duration which is an approximation that needs to be improved upon. If the beam duration is measured to be higher than the computed pinch duration as seems to be the case for the smaller machines, the ion currents will drop correspondingly. We are in the process of working out how to improve the estimation of ion beam pulse duration.
The range of machines considered in this exercise is wide not just in terms of range of stored energies but also in terms of some stand-out characteristics. For example, the Texas A & M machine, NX3, NX2, PF-5 M, and PF-400J may be considered to be the more typical plasma focus 112703-3 S. Lee and S. H. Saw Phys. Plasmas 19, 112703 (2012) devices with static inductance L 0 in a good performance range of 20-50 nH, operating voltage between 14 and 30 kV, and the capacitor banks being lightly damped. The DPF78 is also within this range of "typical" machines except that it operates at a higher voltage of 60 kV. These 6 machines operate with similar speed factors 14 indicative of end axial speeds close to 10 cm/ls. The INTI PF is one of the network of UNU/ICTP PFF machines having conventional single-capacitor configuration, hence a rather large L 0 of 110 nH. Such large L 0 machines (Type 2) have a significantly different pre-and post-focus energy distribution characteristics compared with the more "typical" higher performance (Type 1) L 0 range of 20-50 nH. 43 The PF1000 is also within the "typical" range of machines in the aspects (static inductance, speed factor, and operational voltage) mentioned above, but it is not typical in that its capacitor bank is much more heavily damped which has an effect on its performance. 34, 35 The Poseidon is atypical in the important aspect of a very high speed factor, more than twice that of all the other machines. It is also unusually high in operating voltage and outstandingly low in static inductance. Including this specially "high"-performance machine Poseidon on the one hand, and the specially high L 0 machine the INTI PF on the other extreme in TableI, it is notable that the variation of fluence and of ion number per kJ may be considered as remarkably small in view of the extreme "atypical" characteristics of these two machines within the range of machines considered as discussed above. In a future exercise, a matrix will be designed to consider a range of machines with more uniform characteristics in order to obtain data with less variation so as to present more definite scaling rules. Other gases will also be considered.
With this method, ion beam and fast plasma stream parameters may be computed for any Mather-type plasma focus. These numerical experiments will place ion beam diagnostics on a firmer footing, complement and guide experiments, and provide a firmer basis for estimating expected effects on target materials. 
